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1.0 INTRODUCTION

During this reporting period, detailed measurements of the laser beam

quality were made and preliminary line selection data was obtained. It

was found that greater than 80%6 of the theoretical energy is contained in the

central lobe of the far-field intensity pattern excluding approximately 25%

of the beam which is refracted out due to density disturbances resulting

from bulk heating of the laser medium. Spectral measurements were made

for CO/Ar and CO/N 2 gas mixtures with the intracavity water vapor cell

and, although it proves to be effective for rotational line selection, the

electrical excitation rate was not safficier.t to obtain the lower vibrational

bands and the efficiency was consequently low.

The intracavity water vapor absorption cell was operated with water vapor

pressures from 0 Torr to 1000 Torr. As the water vapor content was

increased, the spectral emission shifted gradually to the best rotational

line in each vibrational band. In addition the loss was sufficient to inhibit
the vibrational transitions higher than 7 - 6. The electrical excitation

rates used were low and the only strong band having high atmospheric

transmittance was the 6 - 5 band. Four hundred (400) Torx of water vapor

in the absorption cell was sufficient to shift most of the 6 -- 5 output to P9

which is the best line. With this amount of water vapor the efficiency had

degraded only 3576 even though the higher bands were highly attenuated.

The beam diagnostic measurements were made by imaging the far-field

intensity profile (at the focal plane of a lenb) onto an integrating pyro-

electric detector array. Both one-dimensional and two-dimensional

measurements have been made and the results agree closely with the

theoretical predictions. The majur degradation is produced by the density

disturbances which cause vertical stripes to be superimposed on the far-

field pattern. These density disturbances are shown to be due to bulk

heating of the laser medium and both their magnitude and their effect are

described.



2. 0 SPECTRAL LINE SELECTION

During this reporting period the large aperture intracavity water vapor

absorption cell system was integrated into the nominal 10-liter CO EDL

system. The details of the cell system have been described previously.

The initial line selection experiments were conducted with the stable

resonator configuration illustrated in Figure Z. 1. The output coupler is a

13.0 cm diameter flat calcium fluoride substrate with an antireflection

coating on one surface and a 28% reflective coating on the other side. The

rear reflector is an 11. 8m radius beryllium copper substrate with a silver

enhancement and dielectric protective coating. The cavity length is 4. 4m.

The clear aperture of the system is approximately 9cm.

The purpose of these initial experiments was to confirm the results of previous
2-9

investigations by verifying the feasibility of the spectral line selection of a

CO EDL and to obtain the approximate operating parameters of the water

vapor absorption cell. The diagnostic setup for these experimental investigations

are shown in Figure 2. 2. The spectral information was recorded photo-

graphically from the fluorescent screen of the spectrometer (Optical Engineering

CO Spectrum Analyzer). Output energy was measured using the reflected

energy from a 2. 7%o reflecting calcium fluoride beam splitter (antireflection

coating on one side) and a calorimeter (Hadron Series 117 Ballistic Thermopile).

The temporal shape of the output pulse was monitored with a Au:Ge detector

(Cryogenics Associates).

Typical data are illustrated in Figure Z. 3. The spectral output with the water

vapor cell evacuated is shown in Figure Z. 3a for the laser operating parameters

listed. For the low electrical input pumping rate the spectra consists of lines

corresponding to transitions in the vibrational bands 5-4 to 11-10. Kinetic

modeling investigations predict that as the level of electrical pumping is

increased relative to V-V pumping, the output spectra shifts toward the lower

vibrational bands. It is the low vibrational bands (6-5 and below) which

N R-y,
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5-4 6-5 7-6 8-7 9-8 10-9 11-10

_ _ 12 9 1' 0

a. P(Hz0) 0 Torr

5-4 6-5 7-6 8-7 9-8
t---r-4 r--i r--" 011 9 9 8 9

b. P(H 0) 600 Torr @ 155 0 C

P 85 Torr
T

N :CO 10:1
23 3

W = 850 W/cm (AT 80 [Lsec)

T = 80°K

Figure 2. 3. Output spectra of nominal 10 liter CO EDL

with and without line selection.
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have the highest predicted atmospheric transmission. However, for the i
purposes of these preliminary experiments, no attempt was made to achieve

the pumping required to limit oscillation to these low V-bands. Figure 2. 3b

shows the effect of 600 Torr of water vapor at a temperature of 1550C in the

absorption cell on the output spectra. Note that lines in the 11-10 and 10-9

bands have been eliminated and the lines in the other hands have shifted.

Figure 2.4 shows the effect of various amounts of water vapor in the

absorption cell on the spectral performance of the laser for the operating

parameters listed. This is an extension of the data of Figure 2. 3. The

value listed above each spectral line is the predicted atmospheric attenuation

e-folding distance for the Midlatitude Winter Atmospheric Model at sea
4level. The height of each line is a qualitative representation of its relative

intensity as interpreted from the photographic data such as illustrated in

Figure 2.3. As the water vapor content is increased, the laser oscillation

within a particular vibrational band tends to shift to those lines having

highest atmospheric transmittance. For example, with no water vapor the

6-5 band has two rotational lines present, P(9) and P(ll), which have predicted

e-folding distances of 13.51kmn and 1. 75km respectively. The P(9) is barely

detectable and the P(l1) is the most intense line in the spectra. As the

amount of water vapor in the cell is increased, the relative intensities of the

two lines reverse and when 600 Torr of water vapor is present only the P(9)

line oscillates. In addition to the rotational line selection a certain amount

of vibrational line selection has occurred as evidenced by elimination of the

11-10, 10-9, and 9-8 transitions when 1000 Torr of water vapor is present.

The gain for the 5-4 band is such that that even the low loss introduced for

the high transmittance lines of this band is too much to sustain oscillation on

thes e lines.

:4!
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Since the output spectra included lines in the vibrational bands 7-6 and

above, the addition of water vapor to the absorption cell was anticipated to

have a substantial effect on the efficiency of the laser as a result of vibrational
line selection. The output energy without line selection was 114J. With

200 Torr of water vapor the output was 893; 400 Torr - 71J; 600 Torr-

56J; 800 Torr - 453; 1000 Torr - 293. Thus the loss of efficiency appears4

primarily attributable to the effect of the water vapor on the upper V-bands.

During the next reporting period the electrical input will be adjusted to

provide for the pumping necessary to obtain laser action on the 6-5 bands

and below. Full aperture stable resonator experiments will be performed

with this electrical pumping. Following these investigations the compound

unstable resonator configuration will be utilized in conjunction with the

line selection experiments..A

8



3.0 BEAM DIAGNOSTIC MEASUREMENTS WITH THE 10-LITER LASER

During this reporting period, detailed measurements of the 10-liter laser

beam quality were made using an integrating pyroelectric detector array.

The central lobe of the far-field pattern contained greater than 801o of the

theoretical energy excluding approximately 25%6 of the beam which is

refracted out due to the acoustical waves generated by bulk heating of the

medium. The measurement techniques and results are described in the

sections below.

3.1 Beam Diagnostic Configurations. The diagnostic configuration used

for measuring the laser beam quality is illustrated in Figure 3.1. The laser

output was focused with a 5. 5m focal length CaF 2 lens and the output reduced in

intensity using CaF2 beam splitters. The image at the focal plane was

magnified approximately a factor of 10 and imaged onto an integrating linear

pyroelectric detector array (Laser Precision Model AK2930/64). This array

has 64 lmm x lmm elements separated by 0. lmm and thus produces, for

each shot, an intensity profile across the focal plane with approximately

0. lmm resolution. Single shot profiles were taken through the beam center

in both the horizontal and vertical directions and compared with theory. A

two-dimensional profile of the focal plane image was generated by successively

translating the magnifying lens a small distance (typically < 0. lmm) vertically

between each shot.

3. 2 Beam Diagnostic Measurements. The e -beam stabilized 10-liter
1-Z

CO EDL has been described in previous reports. Measurements of the

beam profiles were made for CO/Ar and CO/N 2 gas mixtures for energies

up to 350J. The observed far-field pattern(at the focal plane) is a series

of concentric rings similar to an Airy pattern with a superimposed vertical

stripe. This stripe is caused by energy refracted from the beam by the

density variations in the laser medium produced by the medium heating.

9
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An example of this pattern is shown by the plexiglas burn records illustrated

in Figure 3.Z2. The vertical stripe accounts for approximately 25% of the

energy for GO/Na2 gas mixtures and is discussed in Section 3. 3. A dis-

cussion of the measurements of the central part of the beam follows below.

A confocal unstable resonator was used with a truncated circular mask

defining the outer radius. This mask, illustrated in Figure 3. 3, is truncated

so that vignetting does not occur at the laser discharge boundaries. The

output was thus approximately an annulus with 2:1 ratio for the outer and

inner radii, and it is this~ annulus (uniformly illuminated) to which the

experimental results are compared. The beam was focused with the 5. 5m

focal length CaF lens and compared with the theoretical pattern predicted

for the uniformly illuminated annulus. A typical pyroanalyzer trace givingI
a horizontal intensity profile through the beam center is compared with

the theoretical trace in Figure 3. 4. The agreement is excellent except for

the slight increase in the first side lobe on the left side.

A smooth curve was, drawn through the pyroanalyzer data in Figure 3. 4.

The two sides we~re averaged and the result integrated to determine the

energy contained within a circle of arbitrary radius. The result of this

integration is compared to the theoretical value in Figure 3. 5. Approximately

8016 of the theoretical energy is contained in the central lobe and this value

increases with radius.

More detailed measurements were made for a CO/N 2 (1:5) gas mixture at

100 Torr and 80 0g. A series of horizontal profiles were taken for energies

at approximately 100J with the vertical position stepped with each shot so

that the entire beam profile could be measured. These profiles were

normalized to the laser output energy and were then entered into the CDC 6600

computer. Subroutine DISPPLA was used to give three-dimensional pro-

jections of the focal plane intensity profile. Figures 3. 6 and 3. 7 show two

projections of this profile. It should be emphasized that not only does the
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Figure 3. 2. Plexiglas burn patterns for (a) a CO/Ar
gas mixture (100J), (b) a CO/N 2 gas
mixture (100J) and (c) a CO/N- gas
mixture (50J).
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Figure 3. 3. Laser cavity configuration illustrating
the density disturbances and the
aperturing mask.
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Figure 3. 7. Two-dimensional experimental profile
of the laser intensity in the focal plane
of a 5. 5 lens.
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single shot data compare well with the theory but the shot-to-shot repeatability

corresponds to an angular accuracy (over 20 or more shots) better than 20.jrad.

3.3 Effects of Acoustical Disturbances. The 10-liter

device is constructedl1- such that the cathode is very porous, the anode

is slightly porous and the Lexan sidewalls are solid. Bulk heating of the

laser gas thus creates a pressure gradient which'iforces laser gas out of

the cavity with resulting rarefaction waves which enter the medium from

both the cathode (top) and the anode (bottom). In addition the intense heating

in the cathode fall region generates a step function in the density during the time

that the electrical excitation is on which also propagates into the medium.

These disturbances have been studied with a Mach-Zehnder interferometer

in order to determine the bulk heating rate. The experirmntal configuration
1

and typical results were described in the previous report. The analysis
12

of these data is nearly completed and it is found that the heating rate

depends weakly on the electrical excitation conditions and the gas mixtures

used but is typically less than 1516. A typical density profile and the

corresponding Mach-Zehnder interferogram are shown in Figure 3. 8. The

density disturbances propagate toward the horizontal center line of the cavity
2

at the acoustical velocity and act as prisms which refract that part of the

beam which passes through these regions. It is evident from the interferogram
3

in Figure 3. 8 that the density disturbances act approximately like linear

prisms. Optical radiation emitted near the cathode is refracted downward

and radiation emitted in the vicinity of the anode is refracted upward. The

resultant angle of refraction depends on the laser gas refractive index, the

electrical excitation rate and the bulk heating rate, i. e. the rate at which

electrical energy is converted to thermal energy. The anode is only slightly

porous thus the density variation (and the resultant angle of refraction) is

smaller than the corresponding variation at the cathode. Typical values for

angles of refraction are c 700 rad and G 350 i.Lrad. The
cathode anode

refracted beams are thus displaced by 4 mm and Zmm in the focal plane of

the 5. 5m CaF 2 lens.

1
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Initially only a small thickness of the beam is affected and diffraction cause.

the refracted beams to also be spread over several millimeters in the

vertical direction at the focal plane. As time progresses and the density

wave moves into the cavity the affected regior. becomes larger so the

total energy refracted out of the beam becomes greater, At the same time

the vertical spreading due to diffraction becomes less. This is illustrated

by the shaded areas in Figure 3. 3 which represent the region affected by

the density waves moving toward the cavity center. By the time laser

emission occurs the wave has progressed to the point where the widths of

the refracted beams are at least half the aperture diameter and diffractive

spreading in the horizontal direction is thus not very significant. The net

result is, as stated previously, a central pattern (produced by the undis-

turbed medium) resemblembling an Airy pattern and a vertical stripe

(produced by the disturbed medium) superimposed upon it.

The energy contained in this5 vertical stripe was measured and computed

to be approximately 25%o of the total beam energy. The peak intensity in

the stripe is approximately 5%6 that of the central spot peak intensity and

the area approxdntudely 15 times the central lobe (excludingý the stripe). This

leaves 25%o of the total beam in the stripe. This number was verified by

taking a typical temporal intensity profile and computing what fraction of the

total beam (assuming uniform illumination) is affected at each point in time.

This approach is in agreement with the experimental measurements in that

again approximately 25%o is refracted into the stripe. Additional verification

of these results was obtained by looking only at the stripe with a Ge:Au

detector. When the near-field pattern is masked near the cathode,there is

a delay in the appearance of the detected intensity which corresponds to the

acoustical transit time from the cathode to the bottom of the mask.

20



3.4 Conclusions from Beam Diagnostic Experiments. Characteristically,

CO/N 2 gas mixtures result in laser pulses which last for several tens of

microseconds after the electrical excitation is turned off as energy stored

in the nitrogen vibrational levels is transferred back to CO. Thus it would

at first seenm that dilute mixes (high N 2content), which give better laser

performance, would be undesirable because more of the pulse would beI
refracted out of the m-ain beam. This dependence is very weak, however,

because the dilute mixtures also reach threshold earlier and the effects

nearly cancel.I

Argon/CO mixtures also produce a pulse with a tail on it but it is conkliderably

shorter since argon does not store energy. As expected, the fractionalI
percentage into the vertical stripe is less. This is evident from Figure 3.2 :
which shows both CO/N 2 and CO/Ar burn patterns at approximately the

same energy.

It is concluded that the beam quality of the device is excellent and that the

major degradation is caused by the density waves generated by bulk heating.

If necessary, these effects can be minimized by using argon as a diluent and/

or by pumping harder for shorter pulse durations. In general as theA

excitation time is decreased the allowable E/N (without arcing) can be

increased. Thus the pulse lengths can be shortened somewhat wvithout

proportionally reducing the energy out.I

211
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